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Abstract 

Coulomb dissociation is an especially simple and important reaction 
mechanism. Since the perturbation due to the electric field of the (tar- 
get) nucleus is exactly known, firm conclusions can be drawn from such 
measurements. Electromagnetic matrixelements and astrophysical S- 
factors for radiative capture processes can be extracted from experi- 
ments. The dissociation of neutron halo nuclei is studied in a zero 
range model using analytical methods. Of special interest for nuclear 
structure physics is the appearence of low lying electric dipole strength 
in neutron rich nuclei. We use effective range methods to study it. 

1 Introduction 

Electromagnetic excitation with heavy nuclei is a well established and power- 
ful tool in nuclear physics. With increasing beam energy higher lying states 
like the giant dipole resonance can be excited and the nucleus is readily dis- 
sociated. The theoretical description of these processes is given in [HEj. In 
the past years the field expanded a lot essentially due to novel experiments 
done at intermediate energy radioactive beam facilities. A recent review of the 
theoretical developments , along with a discussion of the experimental results 
can be found in jSj. Applications to astrophysically relevant radiative capture 
reactions are also given there. 

We would like to pick out a few issues in these conference proceedings. Part 
of the workshop was devoted to electron scattering, so it seems appropriate 
to highlight the similarities and differences of electromagnetic excitation with 
the weakly interacting electron probe as compared to the excitation due to the 
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strong field of a liigh Z nucleus. This is done in Sect. |21 In Sect. El we study a 
simple model (it is difficult enough, it is at least a three body problem) of the 
breakup of a halo nucleus bound by a zero range force in the pure Coulomb 
field of a nucleus. In Sect. EJthe effects of the finite range of the nuclear forces 
are studied. This is an appropriate approach since the spatial extension of 
halo nuclei is larger than this range, thus providing a convenient expansion 
parameter. We use effective range methods. An outlook and conclusions are 
presented in Sect. EJ 

2 Electromagnetic Excitation with Electrons and Heavy 
Ions, Similarities and Differences 

It is very important to note that with increasing beam energy higher lying 
states can be excited with the Coulomb excitation mechanism. This can lead 
to Coulomb dissociation, in addition to Coulomb excitation of particle-bound 
states. This was reviewed some time ago in [2] . It has become more and more 
clear, that such investigations are also well suited for secondary (radioactive) 
beams. An (unstable) fast projectile nucleus can interact with a high Z target 
nucleus. In this way the interaction of an unstable particle with a (quasireal 
or equivalent) photon can be studied. A similar method is used in particle 
physics, where it is known as the Primakoff effect |31 13] . 

Let us give a very short primer of electromagnetic excitation with heavy 
ions pointing out differences and similarities to the excitation with electrons. 
Since the electric field of a nucleus with high charge number Z is much stronger 
than, e.g., the one of an electron, the nucleus can be a very suitable electro- 
magnetic probe for certain cases. One can study, e.g., higher order phenomena, 
which are inaccessible with conventional electromagnetic probes like the elec- 
tron. The excitation of the double phonon giant dipole resonance at the GSI 
13 EI is an example. 

There are a few dimensionless parameters which characterize the electro- 
magnetic excitation: we define the adiabaticity parameter as the ratio be- 
tween the "collision time" and the "excitation time" 

^ ^coll ^j^^ 

We can estimate the collision time to be Tcou = where r^m is the 

minimum impact parameter and t^xc = - , where u is the nuclear excitation 
energy. From this we get 

7f 



For nonrelativistic collisions {v/c <^ 1) we have 7 1, whereas in the 
relativistic case the Lorentz parameter 7 can be much larger than one and the 
collision time can become very small due to the Lorentz contraction. 

For adiabaticity parameters ^ 2> 1 the system can follow the adiabatic 
ground state and no excitation occurs |H|. This means also that in nonrela- 
tivistic Coulomb excitation one can only excite nuclear states for which the 
long-wavelength limit is valid: due to the adiabaticity condition ^ ^ 1 we have 
'^fmin ^ 'V- This leads to kR -C 1, where k = - and R denotes the size of the 
nucleus since r^j^ > R and v < c. On the other hand, for relativistic collisions 
the collision time can be very small and one is able to excite states for which 
the long wavelength limit is no longer valid. 

A second parameter is the strength parameter, which is defined as the 
strength of the interaction potential times its duration(in units of h): 

Here Vint denotes a typical value of the interaction potential. For a multipole 
interaction of order A, this value of the interaction potential is of the order of 
7^16 (/II M{EX) /r^in , the strength parameter x is therefore estimated to 
be 
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(The interaction Vint is proportional to 7, the collision time Tcou is inversely 
proportional to 7 and thus x becomes independent of 7.) The strength param- 
eter for the monopole-monopole case is the Coulomb parameter, which is given 
by ?7 = ^^^^^ . The difference of heavy ions and electrons becomes obvious: 
the strength parameter is much larger for the heavy ions: this also means that 
higher order effects are larger. 

Due to the weak interaction the PWBA is the appropriate approximation 
for electron scattering and one has a definite four-momentum transfer = 
k/i — k'^. To a good approximation qi is given by the minimum momentum 
transfer qi = qmin = - for small angle scattering and small energy loss. The 
invariant mass of the photon is = —q^ = Qt ~^ (^)^- always have 

> 0: the exchanged photon is "virtual" (spacelike). 

In contrast to this the photons which are exchanged in Coulomb excitation 
contain a sum over virtual photon momenta; they conspire in such a way 
that only an electromagnetic matrix-element survives, which corresponds to 
the interaction with a real photon = (for details see [3]). The important 
thing is that the nuclei do not touch each other and that the strong interaction 
between them can be neglected. 



3 A Realistic Model for the Coulomb Dissociation of a 
Neutron Halo Nucleus 



Breakup processes in nucleus-nucleus collisions are complicated, in whatever 
way they are treated. They constitute at least a three-body problem, which is 
further complicated due to the long range Coulomb force. Exact treatments 
(like the Faddeev-approach) are therefore prohibitively cumbersome. On the 
other hand, many approximate schemes have been developed in the field of 
direct nuclear reactions, and these approaches have been used with consider- 
able success 0. In this context we wish to investigate a realistic model for the 
Coulomb breakup of a neutron halo nucleus. 

We consider the breakup of a particle a = {c + n) (deuteron, neutron-halo 
nucleus) consisting of a loosely bound neutral particle n and the core c (with 
charge Za = Z^) in the Coulomb field of a target nucleus with charge Z: 

a + Z ^ c + n + Z. (5) 

To simplify the kinematical relations we assume in this section that the target 
is infinitely heavy. We assume that the a = {c + n) system is bound by a zero 
range force. The potential Vcn is adjusted to give one s-wave bound state with 
a binding energy Eq. Neglecting the nuclear interaction of c and n with the 
target ( "pure Coulomb" case) the Hamiltonian of the system is given by 

ZZ 

H = Tn + % + + Kn(r). (6) 

The bound-state wave function of the system is given by 0o ~ /^exp(-Kr) 



2-K r ' 

where the quantity k, is related to the binding energy Eo of the system by 



Eq = and the reduced mass u is given by u = """""" . 
The T-matrix in the Born approximation is found to be 

T«°™=47r^;^a^,(Ap), (7) 

where Ap is related to the momentum transfer (or "Coulomb push") to the 
target nucleus 

Qcoul = qa-qc-Qn (8) 

by Ap = —qcoui- This "Coulomb push" has a perpendicular component qcoui± 
and a component in the beam direction qcoui\\- For high energies we have 



Qcouiw = - (corresponding to the "minimum momentum transfer"). The amph- 
tude ttfi can be calculated analytically, see, e.g., Eqs. 33,34 of [TU]. It is found 
to be: 

Ufi = V8nK{aFT + as)- (9) 

The quantity apT is essentially the Fourier transform of the Yukawa wave 
function, given by 

apT = , (10) 

where qrei denotes the relative momentum between c and n and as takes the 
s-wave scattering part of the continuum wave into account: 

_ i{K + iqrei) , K + ijqrei + |Ajp| 

2\Ap\iK^ + ql,)''K + tiqre,-\Ap\y ^ > 

In the semiclassical approach one calculates an impact parameter depen- 
dent breakup amplitude. It can be written as 

f breakup fcoul^^fiy (1^) 

where fcoui is the Rutherford amplitude. The impact parameter b is related 
to the "Coulomb push" by the semiclassical relation b = ^2s-. The breakup 
amplitude in the sudden limit is given by (see eqs. 33 and 34 of [lOj) aji = 
{q\exp{iApr) |0) . One finds that the formula for the Born approximation is 
the same as the one derived for the semiclassical sudden limit. The ranges of 
validity of the two approaches, however, do not overlap: for the Born approxi- 
mation we have ^ 1 while the semiclassical approximation requires ?7a 3> 1. 
In the sudden limit we have u = and there is only a transverse momentum 
transfer qcouix- 

The Coulomb Distorted Wave Born Approximation is studied in j3|. At 
high beam energies it is found that postacceleration effects disappear and that 
(with minor well understood corrections) the quantal theory approaches the 
semiclassical straight line limit for 77^ ^ 1. For further details we refer to this 
reference. 



4 Effective Range Theory of Halo Nucleus Photodisso- 
ciation 

Coulomb dissociation (or photodissociation, the time reversed process of ra- 
diative capture) of halo nuclei shows some simple features. Cross-sections as 



a function of energy tend to be universal, when plotted in the appropriate 
reduced parameters. 

Effective field theories are nowadays also used for the desription of halo 
nuclei, see jT^. The relative momentum k of the neutron and the core is 
indeed much smaller than the inverse range of their interaction 1/R and kR is 
a suitable expansion parameter. (In our model of the pure-Coulomb breakup 
of a bound state bound by a zero range force, see Sec. El above, we have 
R = 0, i.e., kR = and we have the zero order contribution of the expansion). 
Effective range theory seems a natural starting point. This aspect was pursued 
in [T2j and ^Jj]. In [T2| radiative capture cross sections into s-,p- and (i-bound 
states are calculated in simple models, and the cross sections depend only on a 
few low energy parameters. The neutron halo effect on direct neutron capture 
and photodisintegration of ^^C was studied in [T3] and [T3]. In their figures it 
can very well be seen that the radial integrals are dominated by the outside 
region. While they find a sensitivity on neutron optical model parameters 
for s p-capture, this sensitivity is strongly reduced for the p —>■ s and 
p (i-capture cases. In |llj it is remarked that the EFT approach "is not 
unrelated to traditional single-particle models" and that "it remains to be 
seen whether these developments will prove to be a significant improvement 
over more traditional approaches." With a wealth of data on halo nuclei to 
be expected from the future rare ion beams we can be confident that these 
questions will be answered. 

For the Coulomb breakup probability in an s — >■ p transition we find: 

where tq denotes the effective range parameter, the strength parameter y is 
defined in 0, is the p-wave phase shift and x = —. In fig.l we compare the 
reduced transition probabilities corresponding to this formula to a numerical 
calculation where a Woods-Saxon potential model is used. The agreement is 
very good. For more strongly bound neutron-core systems and other angular 
momentum states the effects due to the finite range of the interaction are 
expected to become more important. The present method can also be extended 
to proton-core systems. 

Light single particle halo nuclei, like ^^Be or i5,i7,i9(-;< j^g^yg been studied with 
the Coulomb dissociation technique. There are also studies of two-neutron halo 
nuclei, notably ^^Li. An effective range theory of these two-neutron halo nuclei 
would be very interesting. An early work related to this field is pS^j . With the 
developments of the new radioactive beam facilities applications to medium 



1.5 



1.5 




(a) 



(b) 



0.0 








1 2 
[MeV] 



1 2 



3 



E,e, [MeV] 



Figure 1: Reduced transition probability as a function of the relative energy 
for the breakup of ^^Be into ^''Be and a neutron (a) with a plane wave in the 
final state and (b) a scattering wave function from a realistic potential. The 
solid line is the result of the potential model calculation and the dashed line 
is the approximate expression corrsponding to eq. 13. 

and heavy one- and two-neutron halo nuclei will become a promising field of 
study. 

5 Conclusions 

The intense source of quasi-real (or equivalent) photons present in peripheral 
collisions of medium and high energy nuclei (stable or radioactive) has opened a 
wide horizon of related problems and new experimental possibilities especially 
for the present and forthcoming radioactive beam facilities to investigate ef- 
ficiently photo-interactions with nuclei (single- and multiphoton excitations 
and electromagnetic dissociation). Let us mention the discovery of low ly- 
ing El strength in neutron-rich nuclei and the determination of astrophysical 
S-factors of radiative capture processes like ^Be(p,7)^B. The electromagnetic 
excitation of the giant dipole resonance at the relativistic heavy ion colliders 
RHIC and LHC has also become relevant. On the one hand, these processes 
cause a decrease in luminosity, on the other hand it they are very useful as a 
luminosity monitor and a trigger on other (even more interesting) processes in 
ultraperipheral collisions, for an introduction and references see Ch. 6.2 of jS]. 
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